The standard technology of steel pipe production is the high frequency (HF) inductive welding. A mechanically formed profile is introduced into an inductor. Inside the pipe, in the position of the inductor there is an impeder, whose function is to form a suitable distribution of the electromagnetic and temperature field. In previous paper of the authors, the new magneto-dielectric (MD) material for the impeder is proposed and results of extraordinary energy saving are shown.
Introduction
The idea of using the HF current for welding was suggested by Ulitovski in 1946. Since 1950, it has been introduced into the steel pipe production. The improvements of HF inductive welding were in a direction of development of the HF current generators and in a direction of forming the optimal distribution of the electromagnetic field. The development of the HF current generators is predominantly connected with the technological development of the components used in electric power generators. The development of field distribution embodies the development of the calculation methods, the improvement of the material of impeders and the experimental research on welding appliances. The precise calculation methods and experiments enable the improvements of the geometry, i.e. construction of the device. The theoretical bases for the calculation of the fields are given in the Ref. [1] [2] [3] . Today there are several specialized software packages for the calculation of the electromagnetic and temperature field distribution (for example ELTA).
In the moment, the HF inductive welding is commonly used in the production of the pipes of diameter (17-220) mm and of thickness (0.7-8) mm. The converters of power (50-900) kW, with frequency output (200-500) kHz, made with tubular or transistor technology, are typically used.
The most important characteristic of HF inductive welding is the power consumption. There are different criteria for assessment of the power needed per unit product. They can be established on momentary values: the power output of the welding appliance converter P In the previous research, the authors was concerning the improvement of the impeder, introducing a new material. The results of the application of the MD impeder, that surpasses regarding power all ferrite impeders used so far, are presented in the Ref. 5 ).
In addition, the authors have proposed an improvement of the process of HF welding by applying a two-step process: the rims of the steel strip are heated to the temperature of 1250 C with the HF transistor generator, of frequency 350 kHz and the further heating up to the welding temperature is performed with the middle-frequency generator 10 kHz. In such a way, a complete ferric oxide (FeO, Fe 2 O 3 and Fe 3 O 4 , for example) is dissolved, while in the case of the standard procedures it can remain after the welding. The contributions in design of both transistor converters, through an analytical method for calculating the characteristic parameters of inverters, are exposed in the Ref. 6) .
A further research of the authors was oriented to the quality of the weld and the methods of its testing. The results of this research represent the content of this paper. The analyses were performed on a widely-spread ferromagnetic impeder and on the proposed MD impeder.
The construction of HF inductive Welding Appliance
A detail of the final part of the appliance for HF inductive welding of steel pipes is shown in Fig. 1 . The dimensions A, B and C (Fig. 1) are strongly influencing the characteristics of the welding process. Therefore, the establishing of their optimal values is an important task in the construction of the appliance.
The steel strip is shaped in the section of forming by cold deforming, with the line of contact of the strip rims adjusted symmetrically in respect to the weld rolls. A so-called ''Vloop'' is formed in the appliance, from the far end of the strip forming to the beginning of contact between the stripe rims. In order to realize the process of welding, it is necessary to heat up the parts of V-loop which are succeeding to the contact. Figure 2 shows the V-loop with its currents (I ) and the currents in the outer (I 1 ) and inner (I 2 ) circle arcs of the cross-section of the pipe. Due to the goal of heating, the only useful component of the current is I . The construction of the appliance and the characteristics of the materials used for the impeder should provide reduction of the I 1 and I 2 components, i.e. the reduction of ''useless'' heating up of the material outside the welding section. In addition, the construction should assure lower leakage flux and reactance, i.e. better power factor. By the higher power factor, the current of the HF electric source and consequent power losses are lower and the energy consumption per unity of pipe product is higher.
The Methods of Testing the Quality of the Weld
Two testing methods are commonly used for the control of quality in the production of steel pipes: mechanical testing on presses (so called flattening) and hydrostatic testing.
The hydro-testing is performed according to the standard in the Ref. 7) , by testing all the pipes after the production cycle has been completed. The testing starts with flushing the interior of a pipe with the emulsion, continues with filling the pipe completely with the emulsion, throwing out the air, and the final raising of the inner pressure in the pipe up to 50 bars. The pipes are held under this testing pressure of 50 bars from 5 to 20 s; the duration of the process depends on the thickness and diameter of the pipe.
The mechanical testing on presses by flattening is performed according to the standard in the Ref. 8) , by testing randomly selected specimens of steel pipes during the process of production. A specimen of a pipe, the length of (300-500) mm, is cut out from the pipe, the weld is placed laterally, and the flattening is performed by applying certain pressure, until the walls of the pipe are brought to approximately 1/3 of the pipe's diameter.
The authors have introduced into the practice an additional test on presses on selected specimens, after the hydro-test has been performed. Frequently, the pipes have resisted the pressure on the hydro-test, but on the after-test on presses the weld was broken. The failures in the flattering were also a common result in the tests during the production cycle. The phenomena have prompted the authors to carry out researches regarding the quality of the weld.
The methods of mechanical, chemical and metallographic testing were applied both on the welding section and the basic section of the pipe. The characteristics of the material in these sections were compared with the characteristics of material of the incoming strip.
The mechanical test was testing the hardness by Rockwell's method, according to standard in the Ref. 9 ). The value of hardness is expressed in [HRC] .
The chemical analyses were performed by applying an optic quant meter. A modern emission optical quant meter ARL-513, manufactured by Applied Research Laboratories in Austria was used.
The metallographic analyses were performed on the basis of the results that had been obtained by an electronic microscope with (Â200) magnification, as it is the usual practice in metallurgy of iron.
The Results of the Application of the TDK and MD Impeders 4.1 The power consumption
Detailed analyses for a ferrite impeder were conducted for the pipes welded by using a ferrite impeder of TDK-IP1 type. As a MD impeder, Fluxtrol A material was used.
The tests were performed on the pipes of diameter 26.9 mm and of thickness 2.5 mm, and on the pipes of diameter 21.3 mm and of thickness 2.65 mm. They had been selected for testing because they are massively produced and because, in the overall production program of FAHOP Company, problems occur most frequently on them. The pipes are made from easily welded steels with low carbon content.
On the basis of several years' practice of applying dozens of types of ferrite for welding it has been concluded that the lowest power consumption per speed of welding is achieved with the TDK ferrite. The optimal MD impeder turned to be 
The testing of hardness by Rockwell's method
The first supplementary test to the standard mechanical flattening test and hydrostatic test, was the hardness measurement. It was performed in a number of points on the pipe weld of several specimens and on the basic section of the specimens, outside the weld.
The results for TDK and MD impeder are similar and will be commented parallel (in the form TDK/Fluxtrol A impeder). The average values of 22.44 HRC/22.14 HRC (aberration of the local measured value in both cases is up to 5%) in the weld and 10.76 HRC/9.24 HRC (aberration up to 24%) outside the weld were obtained. A significant difference between hardness in the weld area and outside the weld is evident. The change of hardness on the circumference of the pipe is given in Fig. 4 .
The hardness changes intensively and is far away from the ideal constant value over the circumference of a pipe. The demand for a constant quality of the steel pipe material over the whole section arises from the requirements in further tube processing. The seamless pipes are of the highest quality, and they meet these demands, but their price is much higher. Therefore, there is a strong need to improve the quality of seamed pipes and to spread the range of application where they represent an optimal technical-economic solution.
In the improvement of the quality, the natural step is to investigate the reasons for variable hardness. The structure of the material is to be investigated. Ideally, constant chemical characteristics and mechanical structure of the pipe should not differ from those of the input steel strip. The change of hardness over the pipe leads to the suspicion that the chemical characteristics of the pipe have changed. These changes were investigated by using an optical quant meter.
The testing of chemical structure using an optical quant meter
The results of the chemical analysis for a steel strip, the weld of the pipe, and the pipe section outside the weld area (for a specimen of diameter 21.3 mm and of thickness 2.65 mm) are shown in Table 1 .
By the TDK impeder, the chemical structures of the weld and the pipe section outside the weld are significantly different, and both are different from the chemical structure of the incoming steel strip. The content of carbon (C) in the weld of the pipe is almost four times higher than in the incoming strip and it amounts to 0.96%. According with the Ref. 10), the carbon content higher than 0.35% make the steel tiled, i.e. brittle. Therefore, it is obvious why the welds broke up in the mechanical tests of flattening. The carbon content in the pipe outside the weld is about 40% lower than that in the strip.
As a rule, the content of the other elements rises in the weld area, and decreases in the pipe material outside the weld. As the consequence, the percentage of iron is lower in the weld than in the incoming strip.
Because of these unexpected results of the chemical analysis of the pipe that is 21.3 mm in diameter and 2.65 mm thick, the tests were repeated for the pipe that is 26.9 mm in diameter and 2.5 mm thick. Similar, qualitatively the same, results were obtained. The conclusion is that the HF inductive welding of steel pipes with the TDK ferrite impeder leads to the radical deterioration of the chemical structure of the material in pipe weld. The structure of the material does not even meet the standards for the steel in the Refs. 11-13) any more. The last idea of gathering as much as possible information about the occurrences in the weld was to carry on the metallographic analysis.
Opposite to the TDK impeder, Fluxtrol A does not lead to the strong change of a content of carbon. That is the main reason of much better behavior of pipes in mechanical tests produced using the Fluxtrol A impeder than using the TDK impeder.
The metallographic analyses
The analyses were made for the incoming steel strip, for the weld of still pipe and for the basic section of pipe, outside the weld. Both pipes (of diameter 26.9 mm and thickness 2.5 mm and of diameter 21.3 mm and thickness 2.65 mm) were investigated.
In the metallographic pictures of the weld produced by TDK-IP1 ferrite impeder, a high content of the carbon between the particles can be seen (Fig. 5 ) and as particles enlarge structure changes, which causes low mechanical resistance to flattening, i.e. low quality of the pipe.
As shown in Fig. 6 , by Fluxtrol A between the particles there is no increase of carbon. The structure is practically identical to the structure of incoming steel strip. This is one more explanation of the good quality of pipes produced using the Fluxtrol A impeder.
The recapitulation of the changes in the material
All three kinds of tests conducted in order to study the causes of the bad characteristics of pipes have shown that the HF inductive welding of steel pipes, using the TDK ferrite impeder, produces irreversible and harmful processes. The changes in chemical and mechanical characteristics of the material in the weld and outside the weld of the final steel pipe in respect to the incoming steel strip occur. The changes are so great, that the material of the pipe does not meet any of the standards.
The authors would not essay an explanation of the causes for these occurrences. The exposed occurrences are certainly caused by various factors, and a theoretical explanation can be searched on various ways. One of them is through chemical reactions of the steel material with the ambient air, or with the material of the impeder (it consists of an epoxy tube, in which ferrite is inserted, and which is cooled with a cooling fluid through a plastic hose). The chemical reactions take place under the specific conditions of high temperature, strong magnetic field and steel material movement. The second possible theory is a classical, metallurgical one. The authors have even considered the idea that certain atomic reactions come about with the existing temperature and electromagnetic fields. Performed test showed the benefits of application of new Fluxtrol A material for impeders regarding the quality of pipes.
Conclusions
As a result of a long-term comprehensive work of the authors in researching and improving the HF inductive welding of steel pipes, the most significant results in decreasing the power consumption by applying the magneto-dielectric materials for the impeder and in the construction of HF electric generators have been published in the previous papers. Further work, presented in this paper, was focused to the weld quality, as the essential parameter for evaluating a technological line for the HF inductive welding.
The application of new Fluxtrol A material confirmed its superiority to the widely used ferrite impeder. The application of Fluxtrol A impeder results with better performance in standard mechanical flattening and hydrostatic testing of pipes. It means that Fluxtrol A can be strongly recommended as an optimal solution in the production of pipes using the inductive welding.
In order to investigate difference in mechanical characteristics of the pipes produced by TDK and Fluxtrol A impeders, the chemical characteristics and mechanical structure of the material are observed. It turned out that by the TDK impeder the structure of the material of formed pipe in the weld and outside the weld is significantly different from the material of incoming strip.
The physics of the phenomena arising during a weld forming with HF induction heating is of a high complexity. The aim of the authors was to state the practical problem of the weld quality, to point to possible diagnostic techniques and to notice possible theoretical ways to explain the change of the structure of material. A deeper study of the physics is possible topic of the research of the authors and the professionals and scientific public.
